exploited in practical applications. Only in the past decade, however, with the emergence of the energy crisis and global warming, have piezoelectric based energy harvesters for acquiring clean energy started to attract intensive attention. Up to now, different kinds of piezoelectric materials, such as ZnO [8] [9] [10] and perovskite ferroelectric materials, have been utilized to fabricate piezoelectric energy harvesters (PEHs) with different structures. Compared with ZnO, perovskite ferroelectric materials with better piezoelectric properties are more suitable for energy harvesting. As one example of piezoelectric materials with the perovskite structure, BiFeO3-PbTiO3 (BF-PT) solid solution has recently come to our attention due to the high piezoelectric coefficient at its morphotropic phase boundary (MPB) and its high Curie temperature (TC) inherited from its two end member compounds BiFeO3 (TC = 820 ℃) and PbTiO3 (TC = 490 ℃). The MPB composition of La modified (1-x)BiFeO3-xPbTiO3 (BLF-PT) was reported to locate at x = 0.43 with Curie temperature of 355 °C, possessing good piezoelectric properties [11, 12] . It is worth noting that the Curie temperature of the BLF-PT MPB composition is higher than for most perovskite-structured piezoelectric materials, while it has comparable piezoelectric performance. Therefore, based on the above advantages, the MPB composition of BLF-PT solid solution was chosen in this research for exploration of its energy harvesting properties at elevated temperature, which can be used in harsh environments, such as oil exploration (which operates in temperatures from 150-200 °C).
Among the various kinds of piezoelectric energy harvesters (PEHs), flexible electronic devices are the currently emerging technology and attracting a lot of attention not only because they can harvest electrical power from ambient mechanical energy, but also for their splendid flexibility and robustness with outstanding piezoelectric performance. Flexible piezoelectric energy harvesters with polymers such as polydimethylsiloxane (PDMS) [10, 13, 14] , polyvinylidene difluoride (PVDF) [15, 16] , poly(methyl methacrylate) (PMMA) [17] ) as composite matrix have been paid great attention to due to their high elasticity and acidbase resistance property, which can enable the integrity of devices without fracturing under high pressure and some kind of harsh environment. However, the working temperatures of PDMS, PVDF, and PMMA are less than 200°C, which is lower than the Curie temperature of a number of piezoelectric materials, and therefore, the low working temperature of a PDMS or PMMA based flexible harvester will seriously restrict the temperature range of the device for application in a harsh environment. To enlarge the operating temperature range of composite device by full utilization of the high temperature working potential of BF-PT, it is of great importance to utilize a polymer matrix with excellent temperature stability. Widely employed in high temperature plastics, dielectrics, photoresists, etc., polyimide (PI) ranks among the most heat-resistant polymers, which can bear wide temperature range from -200 °C to 300 °C [18] .
Furthermore PI can be easily peeled off from hard substrates, in contrast to the removal by the complex laser lift-off method for other polymers [19] . Therefore, with its outstanding physical and chemical properties, PI can be a good polymer matrix candidate to fabricate PEHs.
In this work, super-flexible and lightweight free-standing energy harvesters were fabricated from 0.57Bi0.8La0.2FeO3-0.43PbTiO3 ceramic powders and PI matrix. The hightemperature piezoelectric BLF-PT particles were synthesized by a conventional solid-state reaction method, and the composite film was prepared by the spin-coating of mechanically mixed ceramic particles and the polymer matrix. To avoid insufficient polarization of thick areas and unexpected breakdown initiated in the thinner areas due to the non-uniform thickness of the composite piezoelectric film, interdigital (ID) electrodes was coated on our device. At room temperature, with the impact from a human hand, a stable voltage output of around 110 V and current density of 220 nA/cm 2 were obtained. In addition, the electric output property of our PEH subjected to low frequency (~1 Hz) and high temperature (~ 350 ℃) conditions, respectively, was also studied.
Experiment section
2.1. Fabrication of (Bi, La) FeO3-PbTiO3 Nano/micro-particles 0.57Bi0.8La0.2FeO3-0.43PbTiO3 (BLF-PT) particles were prepared via a solid-state reaction method, using high purity (99.9%+) bismuth oxide, lanthanum oxide, ferric oxide, lead oxide, and titanium oxide as starting materials. The oxide materials were carefully weighed according to nominal composition and then mixed thoroughly for 12 h in ethanol by ball milling. After drying, the mixed powder was calcined at 750 °C for 4 h in a covered alumina crucible. The calcined powder was ball milled again, after which the binder was added, and the granulated powder was pressed into pellets 12 mm in diameter and 2 mm in thickness.
The pellets were sintered in a covered alumina crucible at 1060 °C for 0.8 h with protective powders in order to reduce the volatilization of bismuth oxide. After sintering, the pellets were ground into powder with particle size of about 1 µm, which were measured by a laser particle size analyser.
Fabrication of piezoelectric energy harvester (PEH)
A polyimide (PI) solution was spin-casted onto glass to form a very thin protective layer (~20 μm) at room temperature, using a spinning rate of 500 rpm for 30 s and then 2500 rpm for 30 s, followed by curing in an oven in order to make high quality PI composite by following a complicated sintering procedure (see Supporting Figure S1 ). After solidification, ID electrodes with gap separation of 150 μm，finger width of 100 μm, and finger length of 1 cm was sputtered on the surface of the PI film via ion sputtering and a shadow mask, with the effective area covered by electrode 1×1.4 cm 2 . Meanwhile conductive wires were attached to the two interdigital electrodes. Then, the BLF-PT powders in different weight fractions of 5, 10, 20, and 30 wt% were uniformly dispersed into the PI solution, followed by spin-casting on the electrode coated PI protective film. The composite film was peeled off from the glass after solidification. Finally, the device was poled at 185 °C by applying an electric field of 80 kV/cm for 24 h.
Characterization
The structure of the synthesized BLF-PT was investigated via using X-ray diffraction (XRD, GBC, MMA) with Cu Kα radiation (λ = 1.5406 Å). Morphology of the ceramic powders and cross-section of the composite was observed by scanning electron microscopy (SEM, JEOL7500), element mapping was conducted with the same scanning electron microscopy equipped with an energy dispersive X-ray spectroscopy (EDS). The crystal structure of the image of the device and microstructure of the composite part, where the whole thickness of the device is around 50 μm, which enables the device to be flexible. As is shown in Supporting Figure S3 , the average diameter of the piezoelectric BLF-PT particles is 1 μm. Compared to previously reported flexible composite energy harvesters, we employed polyimide as the matrix, expecting a broader usage temperature range (-200 °C to ~300 °C). In addition, the polyimide can maintain not only its flexibility but also its stiffness after solidification, so that when a force is applied along the vertical direction of the device, the stress can be effectively transferred to all of the BLF-PT particles, thus greatly enhancing the energy harvester's efficiency [20] . Figures 2(e-g) show a schematic diagram and photographs of the device with ID electrodes. The positive and negative interdigital electrode fingers are aligned alternately and equidistantly, which will benefit the poling process. Our device adopted the ID electrode design, since such an electrode design can not only effectively facilitate poling of the device, but also makes it possible to minimize the thickness of the device, which will reduce the device's weight and improve its flexibility, while maintaining comparable output performance. The poling mechanism and power generation mechanism of the composite energy harvester are described in Figure 3(a-d) . The ferroelectric domains align randomly in the BLF-PT within the PI matrix prior to the poling process. The ferroelectric domains tend to align along the direction of applied electrical field when subject to a strong electrical field, as shown in Figure 3(b) . In this case, if no external force is applied on the device, the device has no output electric signal because of electrical equilibrium within the device. The distance between two finger electrodes will change when the device is subjected to a vertical compression force, and the total polarization of the composite between the two electrodes will change accordingly, which leads to piezoelectric potential between the two electrodes. Therefore, the free charges will flow through the external circuit to move and gather at the surface of the electrode to maintain balance in the electric potential. As a result, electrical signals will be generated due to the movement of electrons in the external circuit.
Furthermore, when the external pressure force is released, the distance between the negative and positive finger electrodes will change back to the initial state, and hence, the piezoelectric potential will disappear. In this case, the gathered charges flow back in the opposite direction, so that a negative electrical pulse is produced. Consequently, repeated positive and negative electric signals are obtained during the continuous tapping and release of external force on the device [21] . where 33 1 is the dielectric constant of the PI matrix in the poling direction, 33 2 is the dielectric constant of the BLF-PT ceramic in the poling direction, n is the inverse of the of depolarization factor of the particle, is the poling ratio of the ceramic particles, is the local electric field coefficient, and 33 2 is the piezoelectric constant of the ceramic. The electric potential is calculated from a simplified simulation model [24] composed of two electrodes with an electrode spacing of 150 µm (for our device, as shown in Figure 2e ).
where is the induced charge, represents the capacitance, is the pressure along the poling direction, and is the area between the two electrodes. By substituting Eqs. (5) and (6) into Eq. (4), the induced electric potential can be expressed as:
It is obvious that the electric potential is determined by the piezoelectric constant 33 , the dielectric constant 33, and the pressure . To harvest energy from human motion, the device needs to work efficiently at low frequency, so it is highly important to evaluate the device performance in this specific frequency range. For this purpose, cyclical mechanical tapping with a pressure of 0.02 MPa was applied on the device with frequency ranges from 0.2 to 1.0 Hz, which is similar to that of human motion. increasing tapping frequency can be attributed to two possible reasons [30] [31] [32] , 1) the impedance of the device changes with frequency; 2) at higher frequency, the electrons have less time to balance the piezoelectric potential in the external circuit, which will cause electrons accumulation at the electrodes and thus higher current output (Supporting Figures S(6-7) ).
This measurement verifies that the device can efficiently harvest mechanical energy with frequency below 1 Hz.
To examine the feasibility of storing the charge from the PEH for powering electronic devices, a PEH containing 30 wt% BLF-PT particles was used to charge two capacitors with capacitances of 1.0 and 4.3 µF, just by tapping with an index finger. In addition to outstanding output performance and high temperature stability, the flexible PEH can response actively to tiny impact, which indicates its high sensitivity when served as a force sensor. As shown in Figure 6 human movement but also possesses splendid wearability, which proves its capacity for sensing or harvesting biomechanical energy due to its high flexibility and durability.
Conclusion
In summary, we have developed a novel approach to fabricating super-flexible nA under the pressure of 0.18 MPa, respectively. The flexible device is frequency sensitive below 1 Hz. As the frequency increases, the voltage output tends to be saturated, which means that the device can work under a wide range of frequency. Furthermore, due to the benefits of unique PI material-based composite, the flexible energy harvester can tolerate high temperatures, which greatly broadens the operating range of the device. Compared with the previously reported piezoelectric energy harvesters, our energy harvester presents remarkable advantages, such as high electrical voltage output and a broad operating temperature range, which enable it to serve as a super-flexible microscale power source and sensor that can work in harsh environments. Moreover, the device responds actively to human movement, which proves its capacity for sensing due to its high flexibility and sensitivity. The approach we report here is simple and cost-saving, so that it can be applied to the fabrication of more flexible energy harvesters based on other piezoelectric materials.
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